High-strength zirconium diboride-based ceramic composites consolidated by low-temperature hot pressing 
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Introduction
Zirconium diboride (ZrB 2 ) belongs to the family of refractory diborides of transition metals from the fourth to sixth groups of the periodic table. Most of these diborides have melting points above 3273 K, high thermal and electrical conductivities, chemical inertness against molten metals and good thermal shock resistance, making them potential candidates for a variety of high-temperature structural applications [1] [2] [3] . However, the densification of ZrB 2 powder requires very high temperatures (>2373 K) and external pressure because of strong covalent bonds and low self-diffusivity in ZrB 2 [4] [5] [6] . In addition, high-temperature structural applications of single-phase materials are limited by their poor oxidation and ablation resistance.
The composite approach has been successfully adopted to improve the densification, mechanical properties and oxidation and/or ablation resistance of single-phase ceramics.
It is well known that the addition of SiC to ZrB 2 results in a composite with improved strength and resistance to oxidation, thermal shock and ablation [6] [7] [8] [9] [10] . The improvement of oxidation and ablation resistance is attributed to the formation of a coherent passivating oxide scale on the surface. The addition of SiC also produces an intergranular liquid phase that aids the densification of ZrB 2 . The presence of SiC limits the grain growth of ZrB 2 during densification, thereby increasing the strength. Chamberlain et al [11] obtained highly dense ZrB 2 -based ceramics with a fine and homogeneous microstructure by hot pressing an attrition-milled mixture of ZrB 2 and SiC powders at 2173 K, and the maximum strength was ∼1 GPa for the ZrB 2 ceramics containing 12 wt% or more of SiC.
Recently, silicides (MoSi 2 , ZrSi 2 ) [12] [13] [14] [15] have been used to aid in the densification of ZrB 2 at temperatures between 1723 and 2123 K, which are lower than those used for the ZrB 2 -based ceramics with SiC. For example, We also discuss the dependences of the densification behavior and flexural strength on the amount of additives. media using alcohol as a solvent, and the resulting slurry was then dried. Before sintering, the dried powders were sieved through a 60-mesh metallic sieve. Figure 1 shows scanning electron microscopy (SEM) images of the as-received ZrB 2 and Si 3 N 4 powders and the milled powder mixture. The ZrB 2 powder had spherical particles (figure 1(a)) with a bimodal size distribution; the Si 3 N 4 particles were also spherical, but 2 smaller ( figure 1(b) ). After the ball milling (figure 1(c)), the average particle size was significantly reduced, although several large (∼1.8 µm) ZrB 2 particles were still observed.
Experimental procedures
The obtained powder mixtures were hot-pressed (NEW-HP5, Nissin Giken Co. Ltd., Japan) in graphite dies as 21 × 25 × 3.5 mm 3 tablets. To study the effect of temperature on the densification, the ZS10 powder was processed at 1673, 1723 and 1773 K, whereas the ZS15 sample was sintered only at 1723 K. The powders were heated in vacuum at a rate of ∼15 K min −1 under a pressure of 20 MPa. The temperature of the sample was monitored by a two-color optical pyrometer through a hole in the die. After hot pressing for 60 min, the load was removed, the sample was cooled at ∼15 K min −1 to 773 K and the electric power was switched off. During the sintering process, we recorded the sample height along the pressing direction to monitor the densification behavior.
The final densities, ρ, of the sintered samples were measured by the Archimedes method using distilled water as the immersion medium. The theoretical densities were calculated according to the rule of mixtures, taking densities of 6.09 g cm [21] . The four-point flexural strength was measured on 25 × 2.5 × 2 mm 3 bars (inner span 10 mm, outer span 20 mm), at room temperature, at a crosshead speed of 0.5 mm min −1 . At least five specimens were used for each measurement. After the bending test, their fracture surfaces were examined by SEM. Figure 2 shows typical shrinkage curves of the composites recorded during hot-pressing. The shrinkage depends on the amount of additive and initiates at ∼1493 and ∼1453 K for ZS10 and ZS15 samples, respectively. The shrinkage rates exhibit a maximum ( figure 2(b) ) that shifts toward lower temperatures with increasing amount of additive. Densification did not complete during the temperature rise and stopped after ∼40 and ∼15 min of holding at 1723 K for ZS10 and ZS15, respectively. Thus, increasing the amount of additive significantly accelerated the densification.
Results and discussion

Densification and microstructure
The effect of sintering temperature on the relative density of ZS10 samples is shown in figure 3 . The density increases significantly from 1673 to 1723 K and is almost constant at ∼95% between 1723 and 1773 K. The same value was measured for ZS15 samples consolidated at 1723 K (table 1) . Thus, although increasing the amount of additive significantly accelerated the densification, it could not reach 100%. Monteverde and Bellosi [22] reported a relative density exceeding 98% in a ZrB 2 powder containing 2. although this value is higher than ours, it was obtained at a significantly higher temperature. figure 4(d) ) and the darkest phase to Si 3 N 4 (S in figure 4(d) ). In a previous study of ZrB 2 with 2.5% of Si 3 N 4 additive, consolidated by hot pressing at 1973 K in vacuum, a BN phase was detected at grain boundaries owing to the reaction of B 2 O 3 with Si 3 N 4 during the sintering [22] . This reaction is thermodynamically favored at high temperatures because of the strongly negative Gibbs free energy, e.g. −304 kJ mol −1 at 1773 K. Although a similar reaction is expected for our ZrB 2 -based composites containing 13% Si 3 N 4 , we could not detect the BN phase by SEM and XRD.
The presence of the solid solution (Zr, Y)B 2 in the composites suggests that Y has dissolved in the ZrB 2 phase during the sintering process. There is a eutectic point at ∼1636 K in the Y-Zr system [23] . Thus, Y could form a liquid phase with Zr at ∼1636 K or above and dissolve in the ZrB 2 phase to produce the solid solution (Zr, Y)B 2 during the sintering. The calculated lattice parameter, a, of (Zr, Y)B 2 is 0.3177 nm for ZS10 and 0.3173 nm for ZS15 composites. Thus, the introduction of Y atoms into ZrB 2 increased the lattice parameter because of the larger atomic radius of Y (0.18 nm) than Zr (0.16 nm). On the other hand, the presence of the Y 3 (Al, Si) 5 [17] . In addition, the absence of the β-Si 3 N 4 phase suggests that the α → β phase transformation of Si 3 N 4 did not proceed during the sintering. Honma and Ukyo [17] reported that this transformation starts at 1823 K and completes only at (table 1) . However, the average grain diameters were about three times smaller than in the ZrB 2 -based ceramics with a SiC additive, which were hot-pressed at 2273 K for 60 min [6] . It is evident that the grain growth is significantly inhibited at low sintering temperatures, because the grain boundary migration is a thermally activated process.
SiC 2 films are often present on the surfaces of the starting ZrB 2 powder. A previous study [24] of TiB 2 showed that oxygen impurities present in the starting powder promote grain growth and inhibit densification in nonoxide ceramic systems. In particular, the presence of B 2 O 3 significantly inhibited the densification of TiB 2 due to the evaporation of B 2 O 3 , which results from its low melting point (723 K) and high vapor pressure. Therefore, to improve the sinterability of ZrB 2 , it is necessary to prevent the evaporation of B 2 
Flexural strength
The room-temperature four-point flexural strengths of the hot-pressed ZrB 2 -based composites are listed in [6, 9, 10] . The values in table 1 are comparable to those for fine and highly dense ZrB 2 -based composites containing SiC, which were consolidated by hot pressing of an attrition-milled mixture of ZrB 2 and SiC powders at 2173 K [11] . The flexural strength is higher for ZS15 (higher amount of additives) than ZS10 samples, whereas the spread in its value is significantly lower. Note that in a previous study of hot-pressed ZrB 2 -SiC ceramics [28] , the room-temperature flexural strength increased with the amount of added Yb 2 O 3 . Figure 7 shows the fracture surfaces of the hot-pressed composites. The low-magnification image suggests that the fracture origin is located at and/or near the surface (indicated by arrows in figure 7(a) ). At high magnification, pores are clearly observed for both compositions, mostly at multigrain pockets (see arrows in figures 7(b) and (c)). Such pores at and/or near the surface might be the major cause of failure. The pores are larger in ZS10 than ZS15 samples, which might explain the lower flexural strength and larger scattering in the strength values in the former composite. Thus, despite the larger (Zr,Y)B 2 grains (table 1), the flexural strength is higher in ZS15 than ZS10 samples.
Figures 7(b) and (c) reveal a typical intragranular fracture for both composites, and a similar fracture mode was observed in the hot-pressed ZrB 2 -SiC ceramics containing Yb 2 O 3 [28] . For comparison, in single-phase ZrB 2 ceramics and ZrB 2 -based composites containing SiC [6] , the ZrB 2 phase showed a typical intergranular fracture. The intragranular fracture of ZrB 2 suggests that the intergranular bonding is stronger in the ZrB 2 -based composites containing Si 3 N 4 , Y 2 O 3 and Al 2 O 3 than in the single-phase ZrB 2 ceramics and ZrB 2 -based composites containing SiC but no oxides. Grain boundary strengthening can improve the mechanical properties of ceramics [29] . Therefore, we attribute the increase in the flexural strength on addition of Y 2 O 3 and Al 2 O 3 , as well as the intragranular fracture mode, to the grain boundary strengthening. 
Summary
Relative densities of ∼95% were obtained in ZrB 2 grains became coarser and the room-temperature flexural strength increased with increasing amount of additives, approaching a value of 1 GPa. The intragranular fracture mode was observed for both studied composites.
